*during normal opeation, after nuclear power plant aecliaits, an-d asa eee of nuclear. tained extensive amounts of pulverized nuclear fuel from the reactor which first exploded and then burned for several days. The nuclear fuel particles were composed of uranium and its nonvolatile fission products, including the R-emitters zirconium-95 (95Zr), niobium-95 (95Nb), ruthenium-103 ('03Ru), 106Ru, cerium-141 (141Ce), and 144Ce (3) (4) (5) (6) (7) (8) .
Accidental exposure to nuclear fuel particles can occur via inhalation, ingestion, or via direct skin contamination. Due to the poor water-solubility of actinide particles, such as uranium oxide (UO2) and plutonium oxide (PuO2) particles, and consequently a low intake of the particles in the body, the most important organs or tissues from the radiobiological point of view are the lungs, the gastrointestinal tract, and skin. Knowledge about the biokinetic properties of nuclear fuel particles, in addition to the knowledge about the biological effects of these unique radiation sources, is essential in risk assessment of the health effects of the fuel particles. Exposure to insoluble radioactive particles often leads to an exposure situation where only a minor fraction of the target tissue or organ is irradiated due to a short range of a-and f-irradiation (from a few microns to a few millimeters).. The biological effects of nonuniform radiation exposure compared to uniform radiation exposure have been investigated in a number of theoretical and experimental studies for nearly three decades. The so-called "hot particle hypothesis" is based on the assumption that a nonuniformly distributed radiation dose is more carcinogenic than an equal radiation dose delivered uniformly to the same organ or tissue (9, 10) . The hypothesis was originally based on the effects of a-radiation. This hypothesis has repeatedly been refuted by many theoretical and experimental studies (11) (12) (13) (14) (15) . As a consequence of the Chernobyl power plant accident, several theoretical and experimental studies coordinated by the International Atomic Energy Agency were initiated to study possible health hazards associated with the exposure to {3-emitting hot particles (16) . Recent experimental studies indicate that conventional dose risk assessment models may underestimate the biological significance of {-emitting hot particles (17) (18) (19) (20) (21) .
The primary aim of this overview is to describe the biokinetic properties of insoluble nuclear fuel compounds and the effects of nonuniform radiation exposure. First, we summarize data on hot particles, including sources, dosimetry, and human exposure. Second, data on the absorption, distribution and elimination of insoluble actinide particles in the gastrointestinal tract and respiratory tract, with special reference to insoluble U02 and PuO2 particles, and nonvolatile, long-lived f9-emitters Zr, Nb, Ru, and Ce are presented. Finally, we discuss short-and long-term biological effects of nonuniform a-and f3-irradiation on the gastrointestinal tract, lungs, and skin.
Hot Particles Sources A hot particle is defined [applied to skin according to the National Council on Radiation Protection (14) ] as a discrete radioactive fragment with a high specific activity (up to millions of Becquerels), insoluble in water, and not larger than approximately 1 mm in any dimension.
Hot particles emit a-radiation, g-radiation, or /y-radiation. Natural uranium contains 0.7% of the fissionable uranium isotope 235U (22) . This natural isotope of uranium is is currently the primary fuel used in nuclear power plants. Other fissionable nuclear fuels are 239Pu and 233U.
Both pressurized water reactors and boiling water reactors can cause hot particle contamination in the nuclear power plant environment (23). The particles usually contain activation products, such as 60Co, or fission products of uranium. Activation product particles originate mainly from the high-cobalt stellite used in valve seats. Fission product particles are mainly released after failures in the nuclear fuel processes. The radioactivity of the 60Co particles ranges from 40 Bq to 20 MBq with size range between a few microns and several millimeters. The radioactivity of fission products containing particles ranges from 40 Bq to 400 kBq with the same size range (24) . In the United States, after examination of 61 nuclear power stations, 44 highactivity hot particles were found (25) . The particles were both activation (metallic particles) containing mainly 60Co with a size range from several microns to several millimeters, activities from 37 Bq to 37 MBq, and fission and fuel activation products with sizes and activities nearly of the same order. Mandjukov et al. (26) also found high-activity hot particles (85% activation, 15% fuel fragments) in the Kozloduy nuclear power plant in Bulgaria in 1992.
Hot particles containing a-emitters have been observed in the effluent from nuclear fuel reprocessing plants. For example, the effluent from the Sellafield reprocessing plant in the UK (27) has been found to contain small quantities of the aemitting transuranium elements neptunium (Np), Pu, americium (Am), and curium (Cm) (28) . Similar particles have been found in environmental samples taken near the plant.
The most important anthropogenic source for environmental radiation is nuclear weapons testing in the atmosphere (27) . Carbon-14 is the main contributor to the dose, i.e., 2.6 mSv to the population in the north temperate zone, whereas the dose from fission products and plutonium is only 0.6 mSv (27) . f-emitting hot particles isolated in the fallout of nuclear weapon tests had a mean geometric diameter of about 4 pm and a total activity up to 100 Bq. The main part of the particles contained the following components: 95Zr/95Nb, molybdenum-99 (99Mo), 131I, tellurium-132 (132Te)/1321), barium-140 (140Ba)/lanthanum (140La), 14ICe, and neodymium (147Nd) (29) .
Nuclear fallout from nuclear reactor accidents can contain both volatile, such as l37Cs and 1311, and nonvolatile fission products of uranium. The Chernobyl fallout in 1986 contained all nonvolatile fission products, including the g-emitters 95Zr, 95Nb, 103Ru, 10kRu, 14ICe, and 144Ce attached to uranium matrix (Table   1 ) (3-6). The total release was estimated to 290 PBq. About 50% of the releases were cesium isotopes, and 43% were nonvolatile fission products, whereas only 1.8% of the fallout was composed of plutonium isotopes (27) . Hot (5, 6) to over 1000 kBq (Poland) (8) . Hot particles were also observed in the fallout from a nuclear incident in 1992 at the power plant in Sosnovyi Bor, Russia (30) . Gases and a small amount of cerium and zirconium isotopes containing nuclear fuel particles were identified in the surface air in Finland.
Dosimetry
An a-active hot particle emits radiation which only penetrates up to 100 pm in a biological tissue. For example, the absorbed dose rate in a simulated tissue-equivalent object at the distance of 10 pm from a 1 Bq 241Am source (average a-energy, 5.4 MeV) is about 70 Gy/hr, whereas at the distance of 40 pm, it decreases to about 2 Gy/hr (31) . The radiation dose in the immediate vicinity of the a-active particle is very high and would be expected to kill most of the cells exposed to the radiation.
The range of a C-radiation in a biological tissue can be in the order of a few millimeters depending on the f-energy. A femitting hot particle creates a dose gradient around it, causing cell death near the particle. The cells around the lethal zone obtain a sublethal dose, which does not kill the cells but is large enough to cause a random, malignant transformation (17) (18) (19) (20) (21) . In Figure 1 , a dosimetric model for a hot particle containing 1000 Bq of 106Ru or 14 Ce is shown. For example, at the distance of 1 mm from the particle, the radiation dose rate is 0.01 Gy/hr, and at the distance of 0.2 mm, the dose rate is about 1 Gy/hr (5).
PoIlanen and Toivonen (32) have calculated skin doses from large uranium fuel particles. The nuclide composition of the particles was estimated from the inventory of the Chernobyl reactor. For example, a uranium nuclear fuel particle of size 40 pm, deposited on the skin, can cause a dose of 1.6 Gy/cm2. Hofmann et al. (33) calculated radiation doses and lung cancer risk for a hot particle composed entirely of 103Ru. The authors concluded that in the immediate vicinity of a particle the doses are so high that all cells are killed and no tumors will arise. At intermediate distances, the probability for lung cancer induction exhibits a distinct maximum. According to the ICRP (34), inhalation of a 300 Bq (geometric diameter 1 pm) 103Ru hot particle results in an average lung dose of 3.2 x 10-2 mGy/year. Burkart (35) concluded that the limited knowledge on the biological response of affected tissue and the limited experimental and epidemiological database for f-active hot particles requires additional information to elucidate the main characteristics of lung irradiation by hot particles.
The hot particle hypothesis was proposed by Geesaman (9) and Tamplin and Cochran (10) . It implied that highly nonuniform radiation, for example on the skin or lungs, (12, 14, 15) and experimental studies (see Table 3 ) have refuted the hot particle hypothesis. However, we have observed that hot particle-induced carcinogenesis is associated with specific biological mechanisms that cannot be explained by mathematical modeling (17) (18) (19) (20) (21) . Human Exposure Occupational exposure. Within nuclear power plants, hot particles may be attached to the workers due to electrical charges inherent in the plastic protective clothing worn by nuclear power plant workers (23). A high-activity hot particle can cause considerable local skin doses to exposed employees (25) . Hot particles can also deposit on conjunctival tissue of workers, such as in the eye (36) . Fuel cladding failure events may increase radiation exposure rates by an estimated 540% in some areas of the nuclear power plant during routine operations (37) .
McInroy et al. (38) have reported a whole-body distribution of 239Pu in an occupationally exposed worker. The worker was involved in operations with plutonium exposure from 1945 to 1982, approximately 10.5 months before his death. At the time of death the body contained 246 Bq of 239Pu, of which 52.8% was found in the lungs and associated lymph nodes. The remaining 47 .2% was mostly in the skeleton (44%), the liver (42%), with the remainder (14%) in the rest of the body. Studies on the 42-year follow-up of 26 Manhattan Project plutonium workers estimated that the plutonium depositions, including lung burdens, range from 52 to 3180 Bq with a median value of 500 Bq (39) .
Health effects of a-active hot 239Pu particles have been investigated in a few epidemiologic studies (39, (41) (42) (43) (44) Chernobylfallout. Particulate fallout from Chernobyl extended over 1000 km from the accident site (3) (4) (5) , exposing millions of people. In the vicinity of the Chernobyl nuclear power plant, a large number of people were exposed to both external y-irradiation and highly penetrating {3-irradiation from pulverized nuclear fuel, which was mainly deposited on the skin. The total number of the victims was 237; 140 persons were exposed to between 1 and 2 Gy, and 97 to between 2 and 8 Gy wholebody doses (45) . All patients with total body doses higher than 4 Gy had skin burns. The 1-emitters were deposited on the skin and clothes of the victims and caused severe burns (45, 46) that often led to their deaths.
In more distant areas from the accident site exposure to hot particles occurred mainly via ingestion or inhalation. For example, the plutonium body contents of Gomel citizens in Russia, 4-5 years after the Chernobyl accident, were on average 3-4 times higher than the global levels (40) . In Poland, the estimated annual intake of plutonium in the diet was 774 mBq/year in the first year after the Chernobyl accident and decreased to approximately 90 mBq/year in the sixth year (47) . Lung doses in farmers living in the 30-km isolated zone around the power plant were estimated to be of the order of several milliSieverts during the first year after the accident (48) . The number of hot particle-induced lung cancer cases for the Bulgarian population was estimated as four to six, or approximately 10% of the total number of lung cancer cases which are expected from external and internal irradiation after the Chernobyl accident (49) . Balashazy et al. (7) estimated the-lung cancer risk due to inhalation of Chernobylreleased hot particles to be less than for individuals living in Budapest. In Finland, the epidemiological studies have focused on the fallout and incidence of childhood leukemia (50) . However aaiaa much smaller particles ingested in solution (51) . Solid particles may be absorbed via phagocytosis through Peyer's patches into lymph (52). Peyer's patches are lymphoid, follicular aggregates on the intestinal mucosa. Another mechanism of particle uptake is persorption (53) , which means that as epithelial cells are sloughed off at the tip of the villus, a gap in the membrane is temporarily created, allowing entry of materials that are not membrane permeable. There is evidence for and against the persorption hypothesis (54). A third mechanism for particle transport is epithelial membrane damage. Absorption of particles can be enhanced after exposure to certain chemicals (52) . Actinides
Human data show that the actinide elements thorium (Th), Np, Pu, Am, and Cm Distance (mm) Figure 1 . Radiation dose rate from a hot particle containing 1000 Bq of ruthenium-106 or cerium-144 and daughter nuclides rhodium-106 and praseodymium -144. are absorbed poorly from the GI tract (55 (59) . This is presumably due to decreases in concentration of binding ligands which normally act as direct competitors for absorption.
Fractional absorption of U in hamsters, rabbits, dogs, and baboons is in the range of 3 x 10-3 to 2 x 10-2, i.e., somewhat lower than for humans (57) . Absorption values for rats are usually lower; values as low as 4 x 10-4 have been reported. The normal U content of a reference man is about 38 pg, of which 66% is found in the skeleton (57. The natural U concentration in the human kidney (0.3% of the total body burden) appears to be about twice that in the liver. When U is injected subcutaneously or intravenously, accumulation primarily occurs in the kidneys or bones (56) . Uranium competes with calcium for sites of deposition. Neutron-induced autoradiographs of retained U in human bones show that under equilibrium conditions it is diffusively distributed throughout the bone volume (57. Uranium dioxide, U02, with a melting point of 2078 ± 20'C, is water-insoluble but soluble in HNO and concentrated H2SO4 (60) . The rate odissolution of U02 in acids depends on the particle size, acid concentration, and temperature (61) . Hodge and co-workers [see Yuile (56) ] conducted 1-and 2-year feeding experiments in rats and observed that U02 was not absorbed by the GI tract. The chemical analyses showed no increase in the U content in the kidneys or bone. Fission Products Zr, Nb, and Ru belong to the transition metals and Ce to the inner transition metals (also called lanthanides or rare earths). These metals are water-insoluble in their dioxide form (60) . Several experiments have been performed to study GI absorption of these uranium fission products in laboratory animals (34, 62) . The chemical and biological characteristics of these nuclides are shown in Table 2 . The generally accepted values of fractional absorption for Zr, Nb, and Ce are less than 10-4 and 3 x 10-2 for Ru. The values are based on the studies with single nuclides in ion salts (e.g., chlorides, oxalates, and nitrates) (34) . GI absorption of 95Nb oxalate in the mouse, rat, and monkey is approximately 1% (63) . In young rats, the whole body retention of 141Ce nitrate is less than 0.04%, and absorption of various salts of 95Zr/95Nb is approximately 0.8% (64) . In miniature swine, a whole-body retention of 144Ce chloride of less than 0.01% has been reported (65) . GI absorption of 95Nb citrate in guinea pigs has been estimated as 0.8% (66) .
A few studies have shown that wholebody retention of 95Zr, 95Nb, 141Ce, and 144Ce is significantly higher in suckling than in adult rats (67) (68) (69) . The absorption (68) . Increased absorption of ingested radionuclides in neonates is a general phenomenon (66) that is observed immediately after birth, followed generally by a progressive reduction over the suckling period (70) . The absorption appears to be nonspecific due to a greater permeability of the immature intestine for different elements and range of molecular species. This phenomenon may be related to the specific uptake of immunoglobulins from milk, which continues to a reduced extent after "closure" of the intestine to the transfer of these molecules (71) . Intestinal retention of 95Nb citrate in newborn guinea pigs is low, unlike retention in other species (66), but consistent with observations of the retention of actinide elements in this species (71) . In the guinea pig, as in humans, this "closure" occurs either before or shortly after birth; maternal immunoglobulins are transferred cross-placentally to the fetus, and the mechanism of intestinal uptake from milk does not operate (72) . Fasting results in a 75% increase in niobium absorption in guinea pigs (fasting 24 hr and 2 hr after the administration) (66) . Distribution studies with ion salts of 95Zr, 95Nb, 103Ru, and 144Ce in different animals species have shown that these radionuclides are primarily deposited in the bone both after oral and intravenous administration (63, 69, 73) . Some uptake also occurs in the liver, kidney, spleen, and testis. Ruthenium, however, does not accumulate as strongly in bone as other radionuclides (73) . The fission products have entirely different biokinetic properties when administered in particulate form. Lang and Raunemaa (74) studied the behavior of simulated nuclear fuel particles in the GI tract of the rat. Whole-body autoradiography and y-spectrometric tissue analIyses showed no absorption of 141Ce, 14 Ce, 103Ru, 95Zr, or 95Nb from the GI tract.
None of the radionuclides could be detected in the liver, kidney, muscle, bone, brain, blood, or urine. Approximately 98% of the total radioactivity was excreted in feces within 3 days post-exposure. Intestinal Environmental Health Perspectives * Volume 103, Number 10, October 1995 retention for 141Ce, 144Ce, 103Ru, and 95Zr at 1 day after administration was between 2 and 3%; for 95Nb retention it was about 6%. These results indicated that U02 fission products must first be released from the matrix of particles prior to absorption of nuclides across the intestinal mucosa. This is also supported by the observations of Mirell (84) . In addition, translocation of particles into the interstitium appears to be a function of the number of particles; i.e., the delivered dose and dose rate (86) . Exhalation is a major elimination pathway for undeposited particles and gases.
Actinides
Oxides and hydroxides of actinides are water-insoluble compounds that have maximal retention half-times in the lungs of over 100 days (34) . It has been shown that in the rat, inhaled particulate compounds of actinides become stored in phagolysosomes of alveolar macrophages (87 (89, 90) . LaBauve et al. (93) reported that in the rhesus monkey, the inhaled 239PuO2 was retained in the body with an average effective half-life of 1000 days with some translocation to the pulmonary lymph nodes. Human data suggest that the biological half-time of U02 in the lung is between 500 and 1500 days (94) .
Intratracheal instillation produces a much more nonuniform distribution of particles in the lungs than that seen after inhalation exposure (95) (96) (97) . However, some aggregation of U02 particles seems to occur in the rat lung even after inhalation due to macrophage phagocytosis, probably as early as within 24 (100) .
There is also evidence that various types of particles are not completely cleared from the large airways (101, 102) . For example, up to 0.7% of U02 particles injected in the rat trachea can be found in the trachea 14 days after exposure (101) . The mechanism of retention in the tracheal wall is not clear, but probably consists of phagocytosis by epithelial cells.
Current studies reveal that the clearance half-time from the rat lung is 247 days for U02 particles with an aerodynamic diameter of 2.7-3.2 pm after a single exposure (103) . Mixed (U,Pu)02 particles appear to have a shorter biological halftime in the rat lung compared to U02 particles but similar to PuO2 particles (91, 92, 104, 105) ranging from 60 to 100 days (87, 102) . The retention of these mixed oxide aerosols is not significantly influenced by particle shape or exposure method. In the baboon, lung retention of pure PuO2 and mixed (U,Pu)02 was 56-80% of the initial pulmonary burden 1 year after a single inhalation exposure (92) .
Dissolution of insoluble U02 and PuO2 particles, which has been demonstrated both in vitro and in vivo (106), appears to be the dominant mechanical process in lung clearance. Uranium is dissolved more readily than Pu or Am in mixed UO2 and PuO2 particles, generally reflecting the physical nature of the UO2-Pu02 matrix.
Fragmentation of 238PuO2 particles has a significant influence on the lung clearance of particles (105) . This phenomenon probably reflects the increased surface area of particles which would increase their solubilization rate and direct transfer of nanometersized particles from the lungs to various tissues. Observations with PuO2 (107) and CmO2 (108) (103) found 82% of the total body burden of enriched U02 in the rat lung at 720 days after exposure. Ten percent of the activity was in the thoracic lymph nodes, 3 .9% in bone, 3 .2% in soft tissue, and 0.8% in the kidney. The values for other organs and tissues were below 0.1%. Similar observations have been made with mixed (U,Pu)02 particles (87) . Only 1% of the initial alveolar deposit was found in the rat liver, spleen, or kidneys throughout the 200-day observation period. Lataillade et al. (92) reported that translocation of mixed U02 and PuO2 from rat and monkey lung after a single inhalation exposure was less than 3% of the initial pulmonary burden. The translocation of Pu from the mixed oxide to the skeleton and liver was greater than that from the industrial PuO2. In mice, only about 0.5% of the inhaled 239PuO2 is translocated to other organs (110) .
Fission Products
The behavior of uranium nonvolatile fission products in the lungs has not been studied as extensively as their behavior in the GI tract. Chemical and biological characteristics of the nuclides are shown in Table 2 . The mean biological half-time of ZrO2 in the human lung has been estimated to be 224 days, and in the beagle dog the calculated value is 301 days (111). Thomas (113) observed that, in the rat, 91% of the whole-body activity was found in the lungs 29 (124) . The authors suggested that direct radiation injury to the alveolar macrophage population was the likely cause of the reduced clearance (124) . It has also been shown that inhaled 144Ce in a relatively insoluble form results in detectable changes in the pulmonary surfactant, important in the killing of bacteria by pulmonary macrophages (127) . These studies indicated that insoluble radionuclides may decrease an animal's resistance to bacterial invasion of the lungs and increase the risk for pneumonitis. Studies with simulated nuclear fuel particles (neutron-activated U02) show that particles induce local inflammatory changes at the cumulative lung doses of 170, 230, 400, and 550 mSv (97) . As a short-term effect, the particles also appeared to modulate the cytochrome P450 enzyme activities, which in turn may affect the metabolism and effects of xenobiotics and chemical carcinogens (128) .
Pulmonary Fibrosis
Fibrosis-associated changes apparently have their origin in the pneumonitic phase (35, 119, 129 
Pulmonary Cancer
Tumors in the lung as a direct consequence of inhalation or instillation of radioactive materials are easily demonstrated in animals. However, in rodents, spontaneous or radiation-induced tumors normally occur in the alveolar region, whereas in man they are located in the bronchiolar region (129) . Studies on Japanese A-bomb survivors and American uranium miners have shown that radiation-induced lung cancers appeared more likely to be of small-cell subtype and less likely to be adenocarcinomas (140) . The review of lung cancer cases revealed further that the proportion of squamous cell cancer was positively related to smoking history in both populations. Absolute radiogenic risks of radiation-induced lung cancers are similar for both sexes, although baseline lung cancer risks are much higher than they are for females (141) . Other factors important in risk assessment of the effects of radioactive particles in the lungs involve the particle size, chemical and physical form of the particles, the type of radioactive emission, the physical half-life of the radionuclide and its biological halftime in the lungs. Animal experiments indicate that prolongation of {-irradiation of the lung from a period of days to years reduces its tumorigenic effectiveness by a factor of about 3, and that chronic a-irradiation of the lung from inhaled 230PuO2 is 10 to 20 times more carcinogenic than chronic g-irradiation (141) Burkart (35) has stated that both from the point of view of contracted dose and radiosensitivity, the human lung is the most critical organ for late somatic health effects from exposure to ionizing radiation in our environment. (153) have shown that the relative biological effectiveness in rats of the a-particle doses to the lungs from inhaled 239PuO2 relative to fl-particle doses to the lungs from inhaled '44CeO2 is 21 ± 3.
Beta-emitters
Most experiments with f3-emitters have involved studies with compounds of 144Ce in rats (113, 154, 155) , mice (156, 151) , and Syrian hamsters (158 (165, 166) and in lung cancers from radiation-exposed and nonexposed atomicbomb survivors from Hiroshima (162) . Molecular changes in the lungs associated with radiation carcinogenesis after exposure to insoluble nuclear fuel particles are not well understood. However, the p53 tumor suppressor gene appears to have a central role even in radiation lung carcinogenesis induced by insoluble nuclear fuel particles. We observed both overexpression and mutations in the p53 gene in malignant tumors in the rat lung after exposure to neutron-activated U02 particles (159) . The base change was identical in each case. Transition of C:G to T:A in the CG dinucleotide as a result of low-LET radiation may be similar to CC to TT double-base change in UV-associated skin cancer (168, 169) or AGG to ATG transversion in high-LET-radiation related lung cancer (166) . Some (14, 15) that the only type of hot particle-induced lesion of concern is acute ulceration or breakdown with subsequent infection leading to ulceration.
Carcinogenesis
Ionizing radiation is a complete carcinogen (i.e. initiator and promotor), in rodent skin (15) . In rats and mice, and in humans, the times between irradiation and appearance of tumors, as fractions of life span of the species, is similar. Protraction of radiation dose produces a reduction in its carcinogenicity in rats, whereas in mice no sparing effect has been observed. The human data support a significantly lower skin cancer incidence, at least two orders of magnitude lower than that in rodents (179) . Some of this discrepancy may be because the human tumors are mostly basal cell carcinomas, whereas only a few radiation-induced cancers in the experimental animals are of this type. Most of the long-term studies on skin carcinogenesis after hot particle exposure have refuted the hot particle theory (Table  3) . Albert et al. (180) showed that the rat skin tumor yield after grid and sieve nonuniform radiation exposure was markedly delayed compared with uniform exposure. Hulse and colleagues (181) (182) (183) irradiated CBA mice with thallium-204 (204T1) particles using 12 different surface doses (5.4-260 Gy) and 4 different dose rates (1.7-200 cGy/min). The average latent period for tumor formation was 7 months, and more than 70% of the tumors were of dermal origin, 30% epidermal, and more than 60% were malignant. The tumor yield was proportional to the area of skin irradiated (182) . Williams and his colleagues (184, 185) exposed 1200 SAS/4 mice to uniform 170Tm-sources (8.6 cm2) and nonuniform 170Tm sources, which were arrays of either 32 or 8 sources, each 2 mm in diameter, distributed over 8 cm2. Average skin doses varied from 2-100 Gy. The nonuniform irradiation showed a 30% reduction in tumor incidence by the 32-point array at the lower mean doses compared with the response from uniform sources. The 8-point array showed an order-of-magnitude reduction in tumor incidence compared to uniform irradiation at low doses. Even national and international radiation protection organizations have stated their objection to the hot particle theory (14, 15) .
Our current observations (20,21) do not agree with the previously reported results. We exposed hairless and nude mice to neutron-activated U02 particles by implanting the particles under the skin, which permitted a continuous long-term exposure of the skin to hard 9l-irradiation. The results suggested that there was an excess of skin cancers in mice exposed to hot particles compared with the numbers estimated using a conventional, nonthreshold stochastic model of radiation-induced cancer (see Table 3 ). The results of the previous studies have undoubtedly been correct, but the conclusions have been too generalized. The results in our studies showed further that any direct mathematical-statistical extrapolation is not always appropriate but requires judgmental evaluation of biological mechanisms.
Biological Mechanisms of Skin Carcinogenesis Induced by Hot Particles
Development of skin cancer has been shown to be associated with the activation of many genes, particularly oncogenes and tumor-suppressor genes. Current evidence indicates that carcinogenesis is a multistep process (186, 187) . Activation of ras (188) and c-myc oncogenes (188, 189) has been observed in radiation-induced skin tumors in rats. Overexpression of ras oncogenes has been found in many preneoplastic tumors, suggesting that ras activation is often an early event in tumor formation (187) . Biopsy studies have shown that in radiation-induced rat skin tumors, c-myc functions as a late-stage progression-related oncogene (189) . Physical parameters such as LET, dose, and dose rate may also affect oncogene activation patterns (190) .
Our observations (20, 21) suggest that the development of hot-particle-induced skin cancer depends on a few essential cellular and molecular mechanisms. The development of a permanent wound is an essential step in the carcinogenesis induced by nonuniform n-irradiation. The wound acts as a promoter by stimulating the proliferation of surrounding mutated cells. The skin exposure to simulated nuclear fuel particles revealed further that expression of p53 tumor-suppressor protein was frequent (28%) at the exposed sites (21). In some cases p53 protein was detected not only in the nucleus but also in the cytoplasm of the epithelial cells. The expression of the oncoproteins p62c'fos and 21N-ras was also markedly elevated in all the p53-expressing skin samples. The results showed that apparent carcinogenesis-related molecular changes occur frequently in the mouse skin well before the development of a distinct tumor, and probably even before premalignant changes can be detected by conventional histopathological analysis.
The key feature in carcinogenesis is that an agent can increase the incidence of cancer in one of two ways: it can specifically damage the DNA in a cell or increase the number of cell divisions, thereby providing a greater opportunity for (spontaneous) genetic errors during DNA replication (191) . In hot particle exposure, both mechanisms are simultaneously involved and, possibly even more important in view of the multistage model of carcinogenesis, the number of cell divisions is increased in the same cells in which specific radiationinduced DNA damage is most likely to occur. Our in vivo studies (20, 21) directly support the general multistage model of carcinogenesis according to which the mechanism is based on genotoxic (DNA damage) and nongenotoxic (cell proliferation) effects. These observations are also supported by our in vitro experiments where C3HIOTI/2 cells were exposed to Chernobyl-released and simulated nuclear fuel particles (17) (18) (19) . Malignant foci developed in all cell cultures usually 2-4 mm from the radiation source. In addition, almost all the tested 11 oncogenes were activated by radiation, though in none of them was this change common.
Conclusions
Environmental releases of insoluble nuclear fuel particles may occur both in nuclear power plants in normal operation and following nuclear power plant accidents. The effects of hot particles on humans have been assessed in a few epidemiological and theoretical studies based on occupational exposure to PuO2 particles and exposure to Chernobyl-released uranium particles. The results have so far been only speculative due to the lack of detailed and reliable data on the exposure. However, the biokinetics and biological effects of nuclear fuel compounds have been investigated in a number of experimental studies using various cellular systems and laboratory animals.
Ingestion of insoluble nuclear fuel compounds does not pose a serious radiological health problem. U02 and PuO2 particles are not absorbed to any significant extent from the GI tract of experimental animals.
Fission products 144Ce, 141Ce, 103RU, 95Zr, and 95Nb are also absorbed poorly in their elementary form, whereas they are almost metabolically inert in the fused particulate form in the uranium matrix. However, in neonatal animals the absorption is higher. A slight retention of compounds may occur in the intestinal cells, but only extensive amounts of nuclear fuel material with prolonged retention in the GI tract may cause serious lesions in the radiosensitive cells crypt cells of the intestine.
Inhalation of insoluble nuclear fuel compounds induce both benign and malignant lung tumors in experimental animals. The elevated cancer risk is due to the long retention of particles in the lower respiratory tract. However, both intratracheal instillation and inhalation of insoluble nuclear fuel particles seems to lead to a nonuniform distribution of particles in the lungs and therefore complicates the assessment of the lung cancer risk based purely on the conventional dose calculations. Translocation of PuO and U02 particles and fission products 1A4Ce, 141Ce, 103Ru, 95Zr, 95Nb in the particulate form from the lungs to other organs or tissues is poor. The development of hot particleinduced cancer has been investigated in a number of experimental and theoretical studies. Most of the studies have suggested that nonuniform distribution of ionizing radiation is less carcinogenic than the same amount of radiation delivered uniformly to the same organ or tissue. However, current observations indicate that the development of a permanent wound is an essential step in carcinogenesis induced by nonuniform f9-irradiation. This is also the primary lesion in the skin resulting from hot particle irradiation. The wound acts as a promoter by stimulating the proliferation of surrounding mutated cells. The experimental design in most of the studies has not allowed the development of a permanent wound, which in part may explain the obvious discrepancy between the results. In addition, the contradictory results can also be explained by the different effects of nonuniform a-and f-irradiation on biological material.
Exposure to insoluble nuclear fuel particles may induce various changes at the molecular level, which can be observed long before the development of a tumor. The thirty-fifth ASCB Annual Meeting will include symposia, mini symposia, poster sessions, special interest subgroup meetings, special lectures, workshops, and other events that reflect the eclectic nature of cell biology and the tremendous impact of cell biology on all aspects of biomedical research. Each facet of the program incorporates venues designed to increase interaction among scientists and the exchange of ideas among all participants.
EXHIBITS
The commercial exhibits will be open 9:00AM-4:00PM Sunday-Tuesday, December 10-1 2 and Wednesday, December 13 from 9:00AM-3:0OPM. There will be approximately 450 exhibit booths, allowing registrants the opportunity to examine state-of-the-art products and services. The ASCB will provide complimentary refreshments each morning and afternoon in the exhibit hall. 
